In Petunia hybrida flowers, both pollination and stigma wounding induced a transient increase in ethylene production and hastened corolla senescence. Ethylene production by different flower parts was measured in situ using laser photoacoustic (LPA) spectroscopy. In pollinated flowers, ethylene was exclusively produced by the stigma/style region whereas wounding of the stigma induced ethylene production both by the stigma/style region and by the remaining flower parts. In aminoethoxyvinylglycine (AVG)-treated flowers, subsequent treatment of the unwounded stigma with 1-aminocyclopropane-1-carboxylic acid (ACC) induced ethylene production exclusively by the stigma/style region whereas treatment of a previously wounded stigma with ACC induced a simultaneous increase in ethylene production by the stigma/style region and the remaining flower parts. These results suggest that following stigma wounding, either ACC or ethylene is involved in inter-organ communication. Following pollination, the signal is apparently not directly related to ethylene.
Introduction
In many flower species, pollination causes rapid changes in the perianth, i.e. it may stimulate senescence or abscission of the petals or may cause petal colour changes (Stead, 1992; Weiss, 1991) . These changes presumably direct potential pollinators to other, non pollinated, flowers in order to enhance pollination efficiency. Pollination is often accompanied by a rapid increase in ethylene production the pattern of which is often biphasic, showing an initial burst within a few h after pollination and a second increase at the time of wilting (Hoekstra and Weges, 1986; Woltering et ai, 1992; Singh et al, 1992) . Gilissen (1977) showed that wounding, by squeezing or piercing, of the Petunia stigma causes a response remarkably similar to pollination. This led to the idea that mechanical wounding due to the growing pollen tubes may partly be responsible for pollination-induced senescence.
Following pollination in many species it may take more than a day for the pollen tubes to reach the ovary. A pollination-or wound-induced signal has been shown to travel well ahead of the growing pollen tubes. If, in Petunia, the styles are removed within 4-6 h of pollination or stigma wounding the effect on corolla senescence can be blocked. If the styles are removed at a later time, some of the pollination-or wound-induced signal has reached the corolla and senescence is induced (Gilissen and Hoekstra, 1984) . Similar effects of style excision on pollination-induced corolla abscission were observed in Digitalis (Stead and Moore, 1979) .
There has been much debate concerning the nature of the pollen factor(s) responsible for the initial increase in ethylene production and the pollination or woundinduced translocated signal (s). The direct precursor of ethylene, ACC, has been suggested to induce the initial increase in ethylene production and to play a role in inter-organ communication.
Pollen from many species were found to contain ACC, however, the initial burst of ethylene production following pollination is most probably not derived from pollenborne ACC (Hoekstra and Weges, 1986) . Treatment of the stigma with the inhibitor of ACC synthase activity, AVG, prior to pollination completely blocks pollinationinduced ethylene production in, for example, Petunia, carnation, and Cymbidium flowers (Woltering et al., 1992) , and the amount of ACC in pollen is usually not enough to explain the early ethylene peak (Larsen et al., 1993) . On the other hand, Singh et al. (1992) found a good correlation between the ACC content of pollen and the amount of ethylene produced early after pollination in Petunia and were not able to block this early ethylene production by treating the flowers with the inhibitor of ACC synthase activity, amino-oxyacetic acid (AOA). This indicates that pollen ACC instead of stigmaproduced ACC may be responsible for the early ethylene peak. They argued that the effect of stigma-applied AVG observed by other authors may be due to the presumed detrimental effect of AVG on the stigmatic papillae (Singh et al., 1992) . Just recently, Lei et al. (1996) showed that in Petunia flowers that were engineered for low ACC content in the pollen (through pollen-specific expression of an ACC deaminase gene), pollination of wild-type flowers with the transgenic pollen elicited increased ethylene production similar to the effect of wild-type pollen. This clearly shows that pollen ACC is not responsible for the early ethylene peak. The direct cause of the initial burst of ethylene following pollination is, therefore, still obscure.
In pollinated carnation flowers, a sequential increase in ACC concentrations in the stigma, style, ovary and, subsequently, other floral organs was observed (Nichols et al., 1983) suggesting that ACC may be translocated. Similar results were obtained in Petunia following stigma wounding (Nichols and Frost, 1985) . Additional indications for ACC translocation were obtained in experiments where the release of radiolabelled ethylene from the petals was observed, following treatment of the stigma with radiolabelled ACC. These observations suggest that ACC can be translocated and indicate a role of ACC translocation in pollination-induced senescence (Reid et al., 1984) . By contrast, several observations cast doubt upon the role of ACC as a mobile senescence factor in pollinated or stigma-wounded flowers. Relatively huge amounts of ACC were required to mimic the effect of pollination on corolla senescence in Petunia, and eluates of pollinated or wounded styles did induce senescence when re-applied to the stigma but contained no ACC (Hoekstra and Weges, 1986; Gilissen and Hoekstra, 1984) . Other observations that argue against ACC translocation are (i) the relatively high ACC oxidase activity in the stigmatic region of many flower species (Nichols et al., 1983; Hoekstra and Weges, 1986; Tang et al., 1994) and (ii) the observed rapid increase in ACC oxidase mRNA levels in the transmitting tract of Petunia styles following pollination (Tang and Woodson, 1996) . The immediate conversion of any pollen-borne or stigma-produced ACC to ethylene at the stigmatic surface and in the transmitting tract is expected to prevent the accumulation and subsequent translocation of ACC to other flower parts.
Besides ACC, other factors have been suggested to play a role in inter-organ signalling during flower senescence. Electrical signals (Linskens and Spanjers, 1973; Fromm et al., 1995) , short-chain saturated fatty acids (Whitehead and Halevy, 1989) , auxin (Burg and Dijkman, 1967) , and ethylene (Woltering, 1990) have been implicated as factors involved in pollination and/or stigma-woundinginduced senescence of certain flower species.
In orchid flowers, emasculation (removal of the pollinia and the anther cap) and pollination greatly stimulate senescence of the perianth and this has been ascribed, at least in part, to translocation of ACC from the site of synthesis (central column) to the other flower parts (Woltering, 1990; O'Neill et al, 1993) . Recently, however, it was shown that applied ACC is completely immobile in this system and that gaseous ethylene may play a key role in inter-organ communication during senescence of these flowers (Woltering et al., 1995) . In view of these recent findings we re-evaluated the possible role of ACC translocation in pollination and stigma-woundinginduced senescence in Petunia flowers.
Materials and methods

Plant material and treatments
Petunia hybrida plants grown in the greenhouses of the Agricultural University, Wageningen, The Netherlands, under standard cultivation conditions (Gilissen and Hoekstra, 1984) , were used to study the effect of pollination and stigma wounding on flower senescence (inplanta). Flowers were tagged at anthesis and 1-2 d later treatments were done. Two plants were used for each treatment and five flowers per plant were selected to determine the number of days to wilting. Measurements of ethylene production and studies on the translocation of radiolabelled compounds were carried out with individual flowers cut 1-2 d after anthesis and allowed to senesce with their cut base in water.
Pollination was done with pollen from another hybrid. Excised mature donor anthers were gently pushed on to the stigma of the flowers to be pollinated. Stigmas of control flowers were disturbed in a similar way using a small brush. Wounding was done by squeezing the stigma between forceptips. Treatments with AVG or a mixture of AVG and cobalt chloride were carried out approximately 16 h before ACC treatment or stigma wounding. A total amount of lOnmol AVG was applied as a 2 /A droplet of an aqueous 5 mM AVG solution to the stigma. In addition, flowers were placed with their cut base in a 0.1 mM AVG solution. Similarly, treatment with an AVG/CoCl 2 mixture was done by pipetting 2 fA of a solution containing 5 mM AVG and 5 mM CoCl 2 on to the stigma and placing the flower with its cut base in an 0.1 mM CoCl 2 solution.
Ethylene production and ACC oxidase activity
Ethylene production of whole flowers was monitored in a flowthrough system by means of LPA Spectroscopy. The LPA system consisted of a line-tunable CO 2 laser, a mechanical chopper, and a resonant photoacoustic cell. Absorption was measured at two different wavelengths, which allowed calculation of the ethylene concentration in the sample (Woltering et al., 1988) . Flowers were placed in an 80 ml cuvette that was flushed with air. Inside the cuvette the air was split into two streams (ratio 1:1), one leaving the cuvette via the regular outlet, the other was directed through a 3 mm wide tube that was placed over the stigma and greater part of the style. The air leaving the cuvette was led to the photoacoustic cell. The extreme sensitivity of this set-up allowed accurate in situ measurements of ethylene from different organs. Cuvettes were placed in light (photosynthetic photon flux density 50 ^E m~2 s" 1 ) from fluorescent tubes or in dark.
In vivo ACC oxidase activity of flower parts was determined by floating the parts on an aqueous 10 mM ACC solution, in some experiments supplemented with 0.4 mM 3-(3,4dichlorophenyl)-l,l-dimethylurea (DCMU), in 30 ml septumstoppered glass vials that were either placed in light (200 fiE m" 2 s" 1 ) or darkness. In some experiments gaseous carbon dioxide or KOH grains were added to the vial. At intervals the ethylene concentration in the headspace was measured by gas chromatography (Woltering, 1990) .
Translocation of radiolabelled compounds
Translocation of labelled compounds was studied in isolated styles placed with their cut bases in water or in a 0.2 mM EDTA solution. Styles used to study ACC translocation were excised from AVG/CoCl 2 pretreated flowers. The inhibitor mixture was applied to the stigma about 16 h before styles were excised. In addition, the flowers were placed with their cut base in a cobalt chloride solution. Styles used for study of AIB translocation were excised from non-pretreated flowers. A 2 /xl droplet of radiolabelled ACC (2.2 x 10 6 dpm) or radiolabelled AIB (0.11 x 10 6 dpm) was applied to the stigmas of the excised styles and, over a 24 h period, the accumulation of radioactivity in the holding solution was determined by liquid scintillation counting.
Distribution of radioactivity was studied in flowers following application of a 2 ^1 droplet of radiolabelled ACC or AIB onto the stigma. Flowers used for study of ACC translocation were first pretreated with an AVG/CoCl 2 mixture. Approximately
Inter-organ signalling in Petunia 1029 10 h after ACC or AJB application the flowers were divided into different parts and, following freezing in liquid nitrogen, the labelled compounds were extracted using 80% methanol for 2 d. Radioactivity in extracts was measured by liquid scintillation counting.
Pollen tube growth
To measure pollen tube growth, styles were immersed for 1 d in a ION KOH solution. Thereafter, styles were washed with water, stained with decolourized anilin blue and examined by UV microscopy (Hoekstra and Van Roekel, 1988) .
Chemicals
AVG, ACC and DCMU were purchased from Sigma (St Louis, USA); 2,3[ 14 C] ACC (specific activity 51 mCimmol" 1 ) from Commissariat a l'Energie Atomique (Gif-sur-Yvette, France); a-amino [l-14 C] Uo butyric acid (AJB; specific activity 55 mCi mmol" 1 ) from Amersham; CoCl 2 from Merck (Darmstadt, Germany).
Results
Effects of pollination and stigma wounding on flower life
Pollination and stigma wounding consistently stimulated corolla senescence in Petunia flowers. Generally, flower life of unpollinated flowers was 7-8 d, whereas pollination or stigma wounding decreased flower life to 3-4 d.
ACC oxidase activity
Excised flower parts that were immersed in a 10 mM ACC solution showed a constant rate of ethylene production between 2 and 24 h following immersion (data not shown). In most of the flower parts ACC oxidase activity was lower in the dark than in the light. This was especially clear in ovaries (Table 1 ). Other experiments indicated that the effect of light on ACC oxidase activity in the gynoecium was reversible and dependent on the light level, being saturated at approximately 100 ^E m" 2 s" 1 . In addition, the light-stimulation of ACC oxidase activity roughly followed the photosynthesis action spectrum; stimulation being high at 450 and 650 nm and low at 600 and 700 nm (data not shown).
Addition of the inhibitor of photosynthesis, DCMU, to the ACC solution very effectively inhibited the lightinduced ACC oxidase activity of gynoecium parts ( Table 2) , indicating that the light-stimulation of ACC oxidase activity is directly related to photosynthesis. Manipulation of the carbon dioxide concentration in the vial using KOH and gaseous carbon dioxide showed that the effect of light was not related to the carbon dioxide concentration ( Table 2 ). The measured lower ACC oxidase activity in the dark may indicate that possible ACC translocation from stigma to other flower parts may be faster in dark than in light. 
s~l) and in the dark
Flower parts were incubated in a 30 ml glass vial containing 1 ml of a 10 mM ACC solution. Ethylene accumulation was measured between 2 h and 5 h incubation. Data of two independent experiments, each carried out in five replications.
• Significant at 90% level; ** significant at 95% level; •** significant at 99% level; NS, not significant.
Table 2. A CC-induced ethylene production in excised gynoecia (style + ovary)
Flower parts were incubated in a 30 ml glass vial containing 1 ml of a 10 mM ACC solution under various conditions and ethylene in the headspace was measured between 2 h and 5 h of incubation. The experiment was carried out with five replications. Least Significant Difference (LSD) was calculated using GENSTAT V (Rothamsted, UK).
Treatment
Ethylene production (nl unif'h" 1 ) 
Ethylene production of flowers
Stigma wounding by squeezing resulted in a simultaneous increase in ethylene production by the stigma/style and the remaining parts of the flower (Fig. 1A) . Following pollination, however, a rapid increase in ethylene production was observed in the stigma/style whereas no measurable amount of ethylene was produced by the remaining parts (Fig. IB) . Measurements of pollen tube growth showed that tubes had grown about two-thirds of the length of the style during the experimental period (14 h).
In AVG-treated flowers, pollination or stigma wounding did not induce any ethylene production (data not shown). Application of 10 nmol ACC to the wounded stigma of a previously AVG-treated flower, resulted in a burst of ethylene production in both the stigma/style and the remaining parts ( Fig. 2A) . The ACC-induced ethylene production in flowers with intact stigmas, however, was exclusively derived from the stigma/style (Fig. 2B) . Generally, some 20-30% of the applied ACC was converted into ethylene. These results indicate that ACC may be a translocated factor in wounded but not in intact pistils.
In addition to the experiments described above, which were carried out in the light, the experiments were also carried out in the dark. The results, summarized in Table 3 show no clear difference between the relative contribution of the stigma/style and the remaining parts of the flower to the total ethylene production of the flower, indicating that translocation properties of the tissues were not much different in light or darkness.
Transport and distribution of radiolabelled ACC and AIB
To study the possible translocation of ACC in a more direct manner, isolated styles were placed with their cut bases in a small amount of either water or a 0.2 mM EDTA solution and 5 nmol radiolabelled ACC or AIB was applied to the intact or wounded stigma. AIB was used as a substitute for ACC. AIB uptake in plant cells Table 3 . In situ ethylene production by the stigma/style and the remaining parts of the excised flower following pollination, wounding or applicaton of ACC to AVG-treated intact or wounded stigmas Ethylene production of the stigma/style and the remaining parts is expressed as a percentage of the total ethylene production of the flower (calculated by integration of the area under the peaks) during the first 10 h following treatment. Data are from eight individual experiments, four earned out in the dark, four carried out in the light (50 ^E Inter-organ signalling in Petunia 1031 ACC was applied to the stigma of a previously AVG/CoCl 2 -treated flower; AIB was applied to a non-pretreated flower. Means ±SD (n = 3) are given for tissues other than the stigma/style. Values for radioactivity in the stigma/style were calculated assuming that the remaining part of the applied activity was located in the stigma/style metabolized to ethylene and MACC (Liu et ai, 1984) . As AIB is not converted to ethylene, experiments were carried out in non-pretreated flowers. In addition to water, 0.2 mM EDTA was used as holding solution to stimulate phloem exudation at the cut base of the style (King and Zeevaart, 1974) . In none of the treatments were significant amounts of radioactivity recovered from the holding solution (always less than 0.03% of the applied amount) indicating that neither ACC nor AIB were translocated through the style.
Application of radiolabelled ACC or AIB to an intact or wounded stigma of a excised whole flower did give rise to some accumulation of radioactivity in other flower parts (Table 4) . On average about 0.5% of the applied activity was recovered from flower parts other than the stigma/style. Stigma wounding slightly increased the translocation of ACC and AIB. showed similar characteristics as ACC uptake indicating that these amino acids may behave similar in plants (Saftner and Baker, 1987) . AIB is not converted to ethylene, but may be converted to CO 2 and malonyl-AIB, although not to the extent at which ACC is usually
Discussion
Stigma wounding has often been used to mimic the effect of pollination on flower senescence and, hence, the hypothesis has been put forward that the growing pollen tubes may exert a wound effect in the stigma/style (Gilissen, 1977; Whitehead et ai, 1983) . ACC translocation has earlier been implicated both in pollination-and woundinduced senescence (Nichols et ai, 1983; Hoekstra and Weges, 1986; Nichols and Frost, 1985) . The aim of the present research was to determine the possible role of ACC as a signal in pollination and stigma-woundinginduced senescence. Following stigma wounding, ethylene is rapidly produced by all the flower parts. When the stigma of an AVG-treated flower is wounded, no ethylene is produced and flower senescence is not hastened. Treatment of such a wounded stigma with ACC leads to rapid production of ethylene by all the flower parts (Figs 1, 2) . These data seem to indicate that endogenously produced as well as applied ACC is rapidly translocated from the wounded stigma to the other flower parts. Following pollination, however, a huge increase in ethylene production was detected in the stigma/style, but the remaining portion of the flower did not produce any ethylene during the experimental period. Also, following application of ACC to the (intact) stigma of a previously AVG-treated flower, despite a huge increase in ethylene production from the stigma/style, the remaining flower parts did not produce any ethylene (Figs 1, 2) . These results question the presumed role of ACC as a translocatable factor.
These observations are not fully in agreement with earlier published data. Hoekstra and Weges (1986) measured ethylene production in Petunia flower parts excised at different times after pollination or stigma wounding and found that both treatments induced a rapid increase in ethylene production in the gynoecium, but not in the corolla, whereas we now found a simultaneous increase in ethylene production in all the flower parts following stigma wounding. The different methods used for measurement of ethylene production (in situ versus in vitro) may be the reason for the different results. Besides possible wound effects, in vitro systems, using excised flower parts, may lead to mis-interpretation of results. If the ethylene production, for example, observed in the corolla following stigma wounding, is derived from translocated substrate (e.g. ACC), excision of the corolla stops the influx of substrate and hence ethylene production of the isolated corolla will rapidly decrease. Similarly, by excision of flower parts, the production of the remaining flower parts may increase due to the accumulation of substrate.
As in nature, Petunia flowers are pollinated by nocturnal moths (Brandjes, 1973) , it was hypothesized that the response to pollination, wounding and ACC may be different in the light than in the dark. The possible translocation of ACC from the gynoecium to the other flower parts may particularly be affected by the rate of conversion of ACC to ethylene in the gynoecium. The responsible enzyme, ACC oxidase, has been shown to be regulated by light in other systems. In photosynthetically active tissues ACC oxidase activity may on the one hand be inhibited by light due to depletion of the essential co-factor carbon dioxide (Kao and Yang, 1982; Smith and John, 1993) whereas on the other hand, in citrus leaves for example, activity may be stimulated by light in a way closely related to photosynthetic activity but not through carbon dioxide (Zacarias et al., 1990) .
In Petunia flower parts, the conversion of applied ACC was markedly stimulated by light, especially in the ovary and the style ( Table 1 ). The light effect was closely associated to photosynthesis, but independent of carbon dioxide (Table 2) . Theoretically, this increased ACC oxidase activity in the light may enhance conversion of pollen-borne, stigma-produced or applied ACC to ethylene in the gynoecium, thereby inhibiting the translocation of ACC to the other flower parts and, hence, ethylene production in, for example, the corolla. However, in none of the cases was the contribution of the remaining flower parts to the total ethylene production of the flower affected when treatments were done in the dark (Table 3) indicating that the activity of ACC oxidase in the gynoecium, although strongly regulated by light, is not a factor determining ACC translocation in these flowers.
In an attempt to demonstrate the possible translocation of ACC in a more direct way the transport of radiolabelled ACC and its analogue AIB was studied. Both in isolated styles and in intact flowers no significant translocation of ACC or AIB was observed (Table 4 ). Following treatment of the wounded stigma with radiolabelled ACC, the total amount of radioactivity recovered from flower parts other than the stigma/style was less than 0.5% of the applied amount. To explain the ethylene production of the remaining flower parts in terms of ACC translocation, more than 10% of the applied amount should have been translocated (Fig. 2) . The translocation studies clearly show that ACC is not likely to play a significant role in inter-organ signalling in these flowers.
Although both xylem and phloem translocation of ACC have been reported in whole plants (Bradford and Yang, 1980; Finlayson et al., 1991; Morris and Larcombe, 1995) the results show that this phenomenon is not universal and that ACC may be largely immobile in flower tissues. The reason may be that ACC preferentially accumulates in the vacuoles (Saftner and Baker, 1987) thereby blocking the translocation of locally produced or applied ACC.
In Cymbidium flowers gaseous ethylene plays an important role in inter-organ signalling (Woltering et al., 1995) . It may accordingly be hypothesized that, following stigma wounding in Petunia, part of the ethylene produced by internal tissues of the stigma and style may diffuse to the other flower parts resulting in a simultaneous increase in ethylene emission from the stigma/style and the remaining flower parts. Similarly, following application of ACC to a previously AVG-treated and wounded stigma, the ACCderived ethylene may be translocated. Following pollination or treatment of an intact stigma with ACC, the observed early ethylene production in the stigma/style is most probably derived from the peripheral cell layers of the stigma instead of from the internal tissues. In Petunia stigmas, ACC oxidase transcripts were most abundant in the outer cell layers (Tang et al., 1994) . The ethylene produced probably escapes to the outside air and plays no role in inter-organ signalling. The pollination-induced translocated signal may be related to other processes specific to pollination.
In conclusion, ACC or AIB applied to an unwounded or wounded Petunia stigma was not translocated to other flower parts. Following stigma wounding, a burst of ethylene was produced by the stigma/style, as well as by the remaining flower parts suggesting that gaseous ethylene may be the translocated factor. Following pollination, an early ethylene peak was recovered from the stigma/style, but not from the remaining flower parts, indicating that other factors, specific to pollination, play a role in inter-organ communication.
